We report the magnetic and microstructural properties of antiferromagnetic MnO nanoparticles with shells of ferrimagnetic Mn 3 O 4 , which is opposite the usual arrangement of antiferromagnetically coated ferromagnetic nanoparticles. In addition, the antiferromagnetic MnO cores order at much higher temperature ͑T N = 118 K͒ than the ferrimagnetic Mn 3 O 4 shells ͑T C =43 K͒-another reversal of the usual situation. The single crystal MnO cores, with rocksalt structure, are crystallographically aligned with the tetragonal spinel structure of the Mn 3 O 4 shells. Particles field cooled in 50 kOe have large coercive force and exchange bias below T C , e.g., 5800 and 2950 Oe, respectively, at 5 K. The spontaneous magnetization at T C ͑Mn 3 O 4 ͒ is ϳ20% of its value at 5 K, and remains finite for more than 20 K above T C ͑Mn 3 O 4 ͒. Hysteresis with exchange bias is present in this anomalous region. The MnO cores with their uncompensated spins are responsible for the behavior above T C ͑Mn 3 O 4 ͒. The MnO cores have a blocking temperature of 95 K, and the hysteresis and exchange bias above T C ͑Mn 3 O 4 ͒ results from the switching of the MnO spin lattices by their uncompensated spins. Analysis of the thermoremanent magnetization and field cooling and/or zero field cooling in 50 kOe, and the dependence of exchange bias on the temperature at which the cooling field was applied support this model.
I. INTRODUCTION
Meiklejohn and Bean discovered exchange anisotropy in nanoparticles ͑NP's͒ consisting of a ferromagnetic ͑FM͒ Co core and an antiferromagnetic ͑AF͒ CoO shell, with the magnetic ordering temperatures T C ͑Co͒ Ͼ T N ͑CoO͒. 1 For more than 50 years since that discovery, investigations of exchange anisotropy in NP have generally involved systems following the Meiklejohn-Bean paradigm, namely, FM core with AF shell and T C Ͼ T N , as discussed in the review by Nogués et al. 2 Since many transition metal oxides are AF ͑e.g., NiO, CoO, FeO, and ␣-Fe 2 O 3 ͒, and these are native oxides of the respective transition metals, most core-shell samples studied have been prepared by oxidizing the metal particles. Control of the size distribution and of the core and shell dimensions is generally difficult with these oxidized particles, and, quoting Ref. 2 , "another drawback is that, due to the shape of the nanoparticles and their reduced size, the AFM shell usually grows highly disordered, making the control of its microstructure rather difficult." For these reasons, our basic understanding of exchange anisotropy in core-shell systems is much less advanced than is the case for FM-AF binary film systems.
We report here the behavior of core-shell NP in which not only are both features of the Meiklejohn-Bean paradigm inverted, but the core and shell microstructures are very well defined, and the size distribution is narrow. These NP's consist of AF MnO cores with ferrimagnetic Mn 3 O 4 shells; and T N ͑MnO͒ is 118 K, 3 whereas T C ͑Mn 3 O 4 ͒ is only 43 K. 4 The single crystal MnO cores with rocksalt structure are crystallographically aligned with the tetragonally deformed spinel Mn 3 O 4 . A microstructural model is developed which accounts for the alignment of these two dissimilar structures. Very large coercive force ͑H C ͒, i.e., half the sum of the absolute values of the two fields at which the magnetization is zero, and exchange bias ͑H E ͒, i.e., hysteresis loop shifts along the applied field axis, appear at low temperatures for field-cooled samples. At T C ͑Mn 3 O 4 ͒, the spontaneous magnetization declines sharply but retains ϳ20% of its magnitude at 5 K, and does not vanish until much higher temperatures. Hysteresis loops at temperatures within this anomalous region exhibit finite H C and H E . The thermoremanent magnetization ͑TRM͒ is likewise finite at temperatures well above T C ͑Mn 3 O 4 ͒. These anomalous properties are due to uncompensated spin moments on the MnO-NP surfaces, with the hysteresis arising from the switching of the magnetic sublattices of the MnO NP by the torque exerted by uncompensated spins. The uncompensated spins are also responsible for establishing H E in these NP with T N greater than T C -on field cooling the frozen polarized MnO uncompensated spins polarize the Mn 3 O 4 by exchange coupling below T C . The MnO-NP exhibit a blocking temperature ͑T B ͒ ϳ 20 K below T N .
Several previous investigations of nominal MnO NP have observed the magnetization to decline at ϳ43 K and attributed this to finite size reductions of the bulk T N ͑MnO͒.
5-10
Another study of oxidized Mn NP inferred an inverted behavior associated with the presence of MnO and Mn 3 O 4 . 11 In the present study, microstructural and magnetic data confirm unambiguously the existence of NP with MnO cores and Mn 3 O 4 shells.
II. SAMPLE PREPARATION AND STRUCTURAL CHARACTERIZATION
The MnO / Mn 3 O 4 NP were prepared by thermal decomposition of a Mn-oleate complex in a high boiling point organic solvent. 12 The as-prepared particles with excess oleic acid were stored in hexane. The nominal objective was to prepare MnO-NP. It is not clear whether the Mn 3 O 4 shell was present in the initial preparation, or whether it evolved during storage. However, over the time scale of our measurements, the particle structures did not change. The particles were washed in combinations of methanol, acetone, and hexane until they were free of excess oleic acid ͑clear solution, particles readily precipitated͒. Samples of as-prepared and washed particles were dried and mounted for superconducting quantum interference device ͑SQUID͒ measurements in Ag cups, which were pressed into disks to immobilize and protect the particles. Figure 1͑a͒ is a low magnification electron micrograph of an array of the as-prepared MnO / Mn 3 O 4 NP. The NP's have rhomboidal shapes with average sizes of 26-28 nm. Details of a single particle are shown at higher magnification in Fig.  1͑b͒ . The ͓111͔ lattice images of the core and the surrounding shell are clearly visible. The Mn 3 O 4 shell has an average thickness of ϳ4 nm, and has the tetragonal hausmanite structure ͑tetragonally deformed from the high temperature cubic spinel form͒ with lattice parameters a spinel = 8.153 Å and c = 1.16a spinel . 13 The single crystal MnO core has the rocksalt structure with a = 4.445 Å. 3 Despite the mismatch between the crystal structures and the lattice spacings, the core and shell are crystallographically well aligned. The NP's exhibited broad and shallow x-ray diffraction peaks at the ͓211͔, ͓103͔, and ͓220͔ Mn 3 O 4 positions, and broad electron diffraction rings with diameters consistent with the large Mn 3 O 4 unit cell.
III. MAGNETIC PROPERTIES
Hysteresis loops measured below T C ͑Mn 3 O 4 ͒ after field cooling in 50 kOe are shown in Fig. 2 . The characteristic high field susceptibility found in bulk 14 cations in the tetrahedral A sites. The Mn 3+ spins are not collinear, but are canted with a net moment antiparallel to the Mn 2+ spins. The high field susceptibility results from rotation of the canted spins into the field direction. In the inset in Fig.  2 , the high field region is expanded. As the temperature is decreased, the bifurcation field increases until it reaches the maximum measuring field of 70 kOe at 5 K. The bifurcation field is the maximum field at which irreversible switching of the magnetization occurs. These high switching fields are consistent with the reported anisotropy field of 74 kOe at 4.2 K along the hard c axis. 16 The spontaneous magnetization 0 was determined by extrapolating the high field magnetization back to H =0. Its temperature dependence is shown in Fig. 3 . The slope changes in the region where a commensurate/ incommensurate spin transition occurs, 17 and an inflection point is present near T C ͑Mn 3 O 4 ͒. 0 reduces sharply near T C ͑Mn 3 O 4 ͒, but, remarkably, at T C ͑Mn 3 O 4 ͒ it retains the high value of 20% of 0 ͑5 K͒ and does not vanish until Ͼ65 K.
The temperature dependence of H E and H C after field cooling from 300 to 5 K in 50 kOe ͓field cooled ͑FC͔͒, and for 5, 10, and 20 K in 0 kOe ͓zero field cooled ͑ZFC͔͒, are plotted in Fig. 4 . The large H C at low temperatures arises from the switching of single domain Mn 3 O 4 NP with their large magnetocrystalline anisotropy. The FC-H C has a minimum in the region of the spin reorientation, but remains measurable until Ͼ65 K. The smaller ZFC-H C is due to the random alignments of both the magnetocrystalline anisotropy axes and the contributions of exchange anisotropy for that case. ZFC-H E is vanishingly small as a result of the almost completely random distribution of the NP interfaces-its finite value demonstrates the difficulty of achieving a perfectly random distribution. As with O Support for such a model comes from the TRM in Fig. 6 , which shows the temperature dependence of the TRM, normalized to the values at 10 K, for as-prepared and washed samples after field cooling in 50 kOe to 10 K and then measuring the remanent moment in zero field. As seen in justify this conclusion, the MnO cores in the NP can be approximated as cubes with 20 nm edges. For SQUID measurements that take about a minute per point, it is generally agreed that KV / kT, where K is the anisotropy constant of NP with volume V, should be about 25 for thermal stability. Bloch et al. 22 have estimated from susceptibility measurements that the weak ͑111͒ plane anisotropy K 2 =9 ϫ 10 3 erg/ cc at 4.2 K. This makes K 2 V / kT = 120 at 4.2 K. With K 2 remaining constant, K 2 V / kT would be 5 at 95 K. Since K 2 is generally smaller at 95 K than at 4.2 K, it is quite reasonable to take 95 K as the blocking temperature T B of the MnO-NP, where T B is the temperature at which the largest MnO particles become superparamagnetic. The temperature dependence of the TRM above 43 K is similar to that of other monoxides such as CoO ͑Ref. 23͒ and Co 0.52 Ni 0.48 O, 24 namely, relatively flat at high temperatures, with a sharp increase at lower temperatures. The increase at low temperatures is likely due to a high density of uncompensated spins that are more weakly exchange coupled to the MnO-NP.
FC and ZFC magnetization measurements were made in several fields as functions of temperature. Measurements at 10 and 100 Oe reflected principally the complex fielddependent switching of the Mn 3 O 4 NP, and did not provide particularly useful insight into basic NP properties. However, the 50 kOe runs, shown in Fig. 7 , were very helpful in corroborating the value of T B . FC/ZFC runs in 50 kOe are close to a "ground state" in that the FC alignment is virtually complete, and we may regard the ZFC values as truly reversible. Therefore, the difference between them is a measure of irreversibility. In Fig. 7 , ͑FC-ZFC͒ vanishes at 95 K, precisely the value of T B derived from the TRM, as shown in Fig. 6 . The irreversibility measured by the 50 kOe runs above 43 K consists of the switching of MnO NP by their uncompensated spins, as previously discussed. Thus, when the most stable MnO NP becomes superparamagnetic, irreversibility vanishes, and that temperature is T B .
The properties of the NP above T C ͑Mn 3 O 4 ͒ originate from the following microstructural and/or magnetic considerations: The crystallographic alignment of the ϳ4 nm Mn 3 O 4 shells with the ϳ20 nm MnO cores implies the presence of Mn 3+ ͑4 B ͒ defects on the MnO interfacial surfaces, as well as the defects associated with the vacancies present. These defects contribute to the MnO uncompensated spin moment at temperatures above T C ͑Mn 3 O 4 ͒ in addition to the uncompensated spins arising from finite size effects, producing a seemingly anomalous 0 . The finite values of H C and H E of field-cooled NP are due to the switching of the MnO-NP spin systems by the biased uncompensated spins to which they are exchange coupled. This switching is facilitated at these elevated temperatures by the low anisotropy of MnO, and by thermally activated reduction of energy barriers, as indicated by the fact that T B is ϳ23 K less than T N ͑MnO͒.
Another series of experiments provided additional information about the NP model and the general issue of how H E is established when T N is considerably greater than T C . Various FC protocols were applied, with the results shown in Table I . H E and H C were measured at 10 K after ͑a͒ zero field cooling to the indicated temperatures in the first column and field cooling in 5 Tto 10 K, and ͑b͒ field coding in 5 T to the indicated temperatures in the second column and then zero field cooling to 10 K. The most significant results of these experiments are the following:
͑i͒ Field cooling to 70 K, then zero field cooling to 10 K produce 25% of maximum H E . This result shows that uncompensated spins on MnO-NP with the highest energy barriers are pinned by field cooling to 70 K, and that these spins, in turn, bias the Mn 3 O 4 to which they are exchange coupled as the Mn 3 O 4 magnetically orders on cooling in zero field below 43 K.
͑ii͒ Zero field cooling to 70 K and then field cooling to 10 K yield the same H E as the full field coding to 10 K from 350 K. Evidently, the MnO anisotropy at 70 K, assisted by thermal activation, produces energy barriers low enough for the 5 T cooling field to polarize all MnO-NP in the field direction as effectively as when field cooled from 350 K.
͑iii͒ Zero field cooling to T ഛ 50 K and then field cooling to 10 K yield progressively lower H E until H E is negligible for zero field cooling to 10 K. An important feature of these data is that field cooling from 50 K, ϾT C ͑Mn 3 O 4 ͒, does not produce maximum H E as does field cooling from 70 K. If the polarization of paramagnetic Mn 3 O 4 was responsible for H E , then field cooling from both 70 and 50 K would be expected to yield maximum H E at 10 K since both temperatures are
͑iv͒ H C is not strongly dependent on the field-cooling protocol-it is moderately reduced as spin alignment is reduced, i.e., as H E decreases.
IV. CONCLUSIONS
In addition to inverting the usual FM-AF core-shell structures and magnetic ordering temperatures, the MnO / Mn 3 O 4 NP impact a variety of issues; namely, the growth of native oxides on monoxide AF-NP; how exchange anisotropy is established in doubly inverted NP; the role of AF uncompensated spins in the hysteresis of AF-NP; the origin of the magnetic properties of the FM-AF interface; and the basic properties that define the blocking temperatures of AF-NP. The alignment of the MnO core and Mn 3 O 4 shell lattice planes shown in Fig. 1 strongly supports the atomic arrangement sketched in Fig. 5 . Such an ordered interface, albeit with some Mn 3+ defects, implies strong interfacial MnO / Mn 3 O 4 coupling. This is confirmed by the large H E below T C ͑Mn 3 O 4 ͒. The manner by which H E is established in this system, where T N is so much higher than T C , is straightforward-as MnO is cooled in a field from above T N , its uncompensated spins are frozen with a net polarization in the field direction. These polarized spins induce the same polarization direction in the Mn 3 O 4 by exchange coupling as the NP's are cooled below T C ͑Mn 3 O 4 ͒. As the cooling field is applied at progressively lower temperatures, H E is reduced since more uncompensated spins have been frozen in random directions. The appearance of H E and H C above T C ͑Mn 3 O 4 ͒ is a vivid demonstration of irreversible switching of AF spin lattices by exchange-coupled uncompensated spins-with the assistance of thermal activation. The TRM of the MnO-NP above T C ͑Mn 3 O 4 ͒ has a similar temperature dependence to that observed in polycrystalline films of AF monoxides, i.e., a relatively flat higher temperature region with a sharp upswing at lower temperatures. It seems very reasonable to consider that the low temperature TRM upswing represents uncompensated spins more weakly coupled to the MnO cores e.g., either further away or with superexchange angles less than 180°. Finally, the behavior of the H C , H E , 0 , TRM, and FC-ZFC of the MnO-NP above T C ͑Mn 3 O 4 ͒ provides an exhaustively characterized example of the properties of relatively monodispersed AF monoxide NP up to T B . This latter feature is a direct consequence of the double inversion-FM on the AF surface with T C less than T N . Finally, it is possible that the conclusions reached in this investigation can explain some of the properties reported in previous studies of MnO-NP's. [5] [6] [7] [8] [9] [10] 25 
